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ABSTRACT 

Interference holography is used to visualize gas flow patterns and temperature profiles in epitaxial systems. It is 
demonstrated that in water-cooled horizontal reactor cells the carrier gases H2 and He give dynamically stable laminar 
flow profiles throughout the reactor. There is no indication of a stagnant or boundary layer for flow velocities up to 80 
cm/sec in this type of cell. In air-cooled cells, H2 and He also give stable laminar flow profiles, but beyond velocities of 
40 cm/sec a cold gas finger appears in these flows due to undeveloped flow and temperature profiles. In contrast to the 
stable flow characteristics of H2 and He, the flows of N2 and Ar always are unstable due to convective motions. Besides 
this intrinsic instability, these flows are accompanied by severe entrance effects (especially undeveloped flow profiles), 
which dominate the flows for flow rates higher than 4 cm/sec. This is observed for both air- and water-cooled cells. 
Another phenomenom which is observed for N2 and Ar is that beyond 4 cm/sec the convective gas breaks up into a 
thin (8 ram) laminar layer close to the susceptor across which the entire temperature gradient is present and a highly 
turbulent/convective part above this laminar layer. Analysis shows that for Ar and N~ about eight times longer en- 
trance lengths in the reactor cell are needed to achieve fully developed velocity and temperature profiles as compared 
with H.2 and He. This explains the dominant influence of this effect on the flows of Ar and N~. When the influence of 
the entrance effect on the profiles is taken into account, all the observed flow patterns and temperature gradients are 
in agreement with the theoretical flows which can be predicted on basis of the respective Reynolds and Rayleigh (or 
Grashof) numbers. 

Al though chemical vapor  deposition of silicon is 
widely used, the flow characteristics and the tempera-  
ture profiles inside the epi taxial  reactor  are still a 
point of discussion. The system which is best studied 
in this connection is the horizontal  epi taxial  reactor  
cell. For this type of cell Evers te i jn  et al. (1, 2) studied 
the flow pat tern  of a s t ream of hydrogen in a horizontal  
water -cooled  reactor by looking at the streamlines of 
a smoke of TiO2, obtained from TiCl~ and H20. From 
these exper iments  Evers te i jn  developed the stagnant  
layer  model  in which an immobile  thin layer  of gas 
of a few mil l imeters  thickness was assumed to be 
present  just  above the heated susceptor. Ban (3, 4), in 
addition to flow visualization exper iments  with TiO2 
smoke, measured tempera ture  profiles wi th  a moving  
thermocouple,  while concentrat ion measurements  were  
performed by mass analysis. He concluded that  the 
flows and t e m p e r a t u r e s  in an air-cooled reactor  were  
complicated by entrance effects. Sedgwick (5) de ter -  
mined tempera tu re  and concentrat ion profiles by  
means of Raman scattering. He also used an air-cooled 
reactor and came to the conclusion that  tempera ture  
profiles did depend on the posit ion along the susceptor. 
In addition a steep tempera ture  gradient  was measured 
above the susceptor. 

The flow situation in a horizontal  epitaxial  reactor 
is complicated by the fact that  the gas, which enters 
the reactor  cell wi th  a ra ther  high flow velocity, sud- 
denly hits a hot susceptor. This means that  the t~otal 
resul tant  flow will  be affected by: (i) the possibili ty 
of turbulence due to the high flow velocities, (ii) the 
occurrence of convection as a result  of buoyancy forces, 
and (iii) the presence of entrance effects because the 
flow and tempera tu re  profiles have to develop to their  
final profiles. How much these separate effects wil l  
contribute to the final flow pat tern  will  depend on the 
process parameters  such as cell design, flow velocities, 
nature of the gases, temperature ,  etc. 

Viewed in that  light, it would indeed be advantage-  
ous to know at the outset  how these flows would look 
like for any par t icular  combination of gases, reactor  
cell, and temperature .  The above-ment ioned  observa-  
tion methods are not real ly  suited to give this kind of 
information. However,  an interest ing additional tech-  
nique for the study of t empera ture  profiles and flow 
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patterns in a gaseous system is given by the method 
of in terference holography. In this technique and in 
one single exper iment ,  a complete survey is obtained 
of both the tempera ture  distr ibut ion and the flow pat-  
tern  over  the ent ire  epitaxial  reactor  cell. The real  
power  of the method lies in the abil i ty to observe gas 
flows in real  time. This possibility makes the method 
very  at t ract ive for the study of flow and tempera ture  
profiles. This can be done for various gases, flow 
velocities, susceptor temperatures ,  and various cell de-  
signs. The feasibil i ty of this method was put forward  
at the Internat ional  Conference on Crystal  Growth  
( ICCG)V in Boston (6). 

In this paper  emphasis will  be given to the flow 
patterns of the gases H2, He, Ar, and N2 in water  and 
air-cooled reactor  cells at various flow velociti tes and 
susceptor temperatures .  A quant i ta t ive  analysis of the 
tempera ture  profiles will  be the subject of a for th-  
coming paper. 

The Technique of Interference Holography 
In ter ference  holography is one of the main applica- 

tions of holography. It  is used to study vibrat ion pat-  
terns on mechanical  systems, but it is also well  suited 
to detect  density fluctuations in gases. For  general  
information on this subject  the reader  is re fer red  to the 
books of Collier and DeVelis (7, 8). 

The method in principle is based upon normal  in ter -  
ference be tween two coherent  l ight beams. However ,  
the fundamenta l  difference with usual interference,  
where  two beams combine at one t ime and one place, 
is that  in in terference holography the original  and 
second beam are separated in time, the first beam is 
recorded by a photographic plate, the modified second 
beam is added to this exposure ( technique of double 
exposure) ,  or is mixed in with the reconstructed first 
beam (real  t ime).  Here  the developed hologram serves 
to generate  the original  l ight beam at the proper  time. 
The exper imenta l  setup for interference holography 
is depicted schematical ly in Fig. 1. The l ight  beam of 
a laser is split up into a reference beam and a sample 
beam, and both are combined again at a photographic 
plate which stores the ampli tude and phase infbrma-  
tion. For real  t ime holography the photographic plate 
is developed; this process produces an ampli tude or 
absorption hologram. When this now t ransparent  holo-  
gram is placed back into its original  position and is 
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Fig. 1. Schematic diagram of a holographic system: b.s. ~-- beam 
splitter, m ~-- mirror, sp.f. ~- spatial filter, 1 ~ tens, h ~ halo- 
gram. 

exposed with the reference beam only, the t ransmit ted  
beam is forced to vibrate  according to the pat tern  
which is present  on the hologram, resul t ing in a recon- 
struction of the original beam behind the hologram 
(Fig. 2). In interference holography this reconstructed 
beam is mixed with a slightly modified sample beam, 
which will result  in interference phenomena,  and be-  
cause the original sample beam is frozen in the holo- 
gram and can be reproduced at will, this reconstructed 
beam can serve as a permanent  reference frame. This 
means that when the reproduced original sample beam 
is compared with the modified sample beam, changes 
in real time can be observed between both states of the 
system. 

The requirements  for the successful application of  
this method are: (i) The developed hologram should 
be exactly repositioned at its original place to guaran-  
tee that  the reconstructed beam indeed is generated at 
its original  position; and (ii) the modified sample 
beam and the reconstructed beam must  be coherent. 
The first requi rement  can be met by developing the 
photographic plate in situ, or after normal  develop- 
ment,  by careful piezoelectrical repositioning. The 
second requi rement  is met by split t ing a laser beam 
into a sample and reference beam with the same 
lengths in light paths. It must  be noted here that the 
reference beam now serves to reconstruct  the original 
sample beam, whereas dur ing the first exposure it was 
needed to register the phase of the sample beam. 

The other way to observe changes in the sample is 
the technique of double exposure. Here the photo- 
graphic plate is exposed two times, first before and 
then after the modification of the object. After devel-  
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Fig. 2. Reconstruction of original sample beam behind developed 
hologram. When the sample beam is also allowed to go through, 
then behind the hologram two beams are mixed: the real sample 
beam and the reconstructed sample beam. This gives lead to inter- 
ference. 

opment and reposit ioning in its original  place, both 
recorded states will be reproduced when the plate is 
exposed with the reference beam. An interference pat-  
tern will occur behind the plate wherever  there are 
light path differences between the two reconstructed 
beams. A significant advantage of this method is that  
the plate is not removed from its position between the 
two exposures, so in principle the method is more ac-  
curate  than the previously ment ioned method of real 
time. In addition no expensive plateholder is needed, 
because an exact reposit ioning of the hologram to its 
original position is not necessary. A very impor tant  
disadvantage is that  only a momenta ry  picture of the 
changing object is obtained and that more time is in-  
volved in mapping a complete sequence of changes .  

A p p l i c a t i o n  o f  I n t e r f e r e n c e  H o l o g r a p h y  for  t h e  
V i s u a l i z a t i o n  o f  F low P a t t e r n s  

In  an epitaxial  reactor cell a carrier  gas flows over 
a graphite susceptor (Fig. 3). When no heat ing is 
applied, the gas is at room tempera ture  (300 K) and 
throughout  the cell the density of the gas is the same. 
At a distance z normal  to the susceptor the optical path 
11 in the x-direct ion over the length L of the susceptor 
is given by 

s ~  

Iz = ~_ n300dx 

the integral  value of which is independent  of the z-co- 
ordinate when the temperature  and thus the refractive 
index n is constant throughout  the cell. When the sus- 
ceptor is heated, the temperature  of the gas will  rise 
to a value T(z) .  In that case the light path at the 
same z-position is given by 

12 --  f L  nwdx 

The difference in light paths between the two situa- 
tions is then given by 

.~l -- 5L (n3.00 -- nT)dX 

and constructive and destructive interference will oc- 
cur for :~I ~_ m). and _~l = (m + ~,~)~, respectively, in 
which m is a discrete number .  The resul tant  in ter fer -  
ence pat tern  will consist of a large n u m b e r  of fringe 
lines and because of the one to one relat ion between 
refractive index and temperature  each fringe also is a 
l ine of constant temperature  ( isotherm).  So by 
counting the number  of fringes and by measur ing the 
positions, the temperature  can be calculated all over 
the cross section of the reactor cell. This will  be 
worked out in more detail in the next  paper. 

In  this paper we will focus at tent ion on the flow 
pat tern  of the s treaming gas obtained for different 
carrier gases in various reactors. The parameters  used 
are flow velocity and temperature.  In  these experi-  
ments  we have the  problem that the connection be-  
tween the observed interference fringes and the actual 
flow pat tern is not clear immediately.  In principle it 
can be said that when the gas stream is stable and is 

ff.F. Coil. z 
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Fig. 3. Expitaxial reactor cell fitted with optical end windows 
for flow visualization experiments. The graphite susceptor is heated 
by rf coupling. 
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laminar,  the tempera ture  profile will  be stable leading 
to a fixed fr inge pat tern  in time, but when there is 
convection the tempera ture  will  fol low the s t ream- 
lines which then will  show up as moving fringes. When 
the gas is highly turbulent  and well  mixed, the local 
tempera tures  will  rapidly  change and the fr inge pat-  
tern will become blurred.  Especially wi th  real  t ime 
observations one immedia te ly  discriminates between 
laminar, convective,  and turbulent  motions. This may 
be difficult wi th  double exposures because in that  
technique short exposure times are used which may  
freeze in a convect ive or turbulent  motion when  these 
gas motions are slower than the exposure times. 

Another  problem is associated with the integrat ion 
of the optical effect over  the length of the cell. As we 
are mainly  interested in the character  of the flow over  
the susceptor, the contributions to the optical effect of 
the flows in the regions before and behind the sus- 
ceptor should be kept minimal.  Because the in te r fe r -  
ence pat tern is the result  of a comparison of the optical 
lengths of the "sampling" state with a reference state, 
the contributions of both sections will  be minimal  
when the tempera ture  (i.e., refract ive index and den-  
sity) of the gas in these regions is as close as possible 
to the reference temperature .  The inlet region will  give 
the' smallest  contribution, because the (room) tempera -  
ture of the gas in this section wil l  only be sl ightly 
affected by the radiat ion of the susceptor, especially 
because of the constant fresh supply of cold ~as. It  
even does not mat te r  whether  the character  of the gas 
flow will  change from laminar  to turbulent  or vice 
versa in this section, as long as the t empera tu re  (i.e., 
refract ive  index) of the reference state and sampling 
state are equal  in both situations. 

Analogous arguments  hold for the end region. Here  
the contribution is expected to be larger,  especial ly 
for air-cooled cells where  the gas is not cooled by a 
water  jacket.  The effect is minimized by keeping 
this end section as short  as possible compared to the 
length of the susceptor. Because the character  of the 
flow in this end region will  be of the same nature  as 
that  of the gas over  the susceptor, in no case will  a 
qual i ta t ive  significant change of the resul tant  fr inge 
pat tern  be expected. Only when the gas flow is laminar  
over  the susceptor and suddenly, by some odd reason, 
becomes turbulent  in the end region, a complete  mis-  
in terpre ta t ion of the flow pat tern  as obtained f rom the 
fr inge pat tern  can be the result. 

A quant i ta t ive  check as to whether  both regions 
contr ibute significantly can be made for wa te r -  
cooled cells. For  a given susceptor Iength, one can cal- 
culate the number  of fringes which should be present  
in the interference pat tern  as a resul t  of the differ- 
ence in (known) susceptor t empera ture  and t empera -  
ture of the water -cooled  wall. In no cases studied were  
more fringes counted than theoret ical ly  predicted,  in-  
dicating that the integrated length never  significantly 
exceeded the real  susceptor length. In other  words, 
both end effects are unimportant ,  at least for wa te r -  
cooled cells. 

In principle it is possible to correct for both end 
effects by subtract ing two double exposures made with  
the same end zones, but different susceptor lengths. 
This was done for a number  of experiments ,  but  no 
consistent set of data was obtained because the total 
accuracy appeared to be too low. The length of the 
susceptor was l imited by the power  of the rf  generator  
to a max imum of 25 cm, whereas for accurate results 
a difference measurement  should be done be tween  two 
susceptors of 40 and 20 cm, respectively,  in order  to 
double the number  of fringes. 

If  one neglects the effects of the regions before and 
behind the susceptor, then in principle  it is also pos- 
sible, by a correct  analysis of the fr inge pat tern,  to 
determine the local character  of the flow over  the 

length of the susceptor. By comparing this with the 
pat tern  for a ful ly developed flow, one can deduce the 
state of development  of the flow along the susceptor. 

Experimental 
A horizontal  epitaxial  reactor  cell fitted with  optical 

end windows was placed in the sample beam of a holo-  
graphic a r rangement  as depicted in Fig. 1. The cell was 
of the open-end type and was operated at 1 bar. A i r -  
cooled and water-cooled  cells were  used with rec tan-  
gular and circular cross sections. The overal l  inner  
length was 40-45 cm with free inner  cross sections of 
about 8-11 cm 2. The free heights above the susceptor 
amounted to 20-29 m m  depending on the type of re-  
actor cell being used. Susceptors were  made of graph-  
ite dimensions 20 • 3.0 X 1.0 cm s for the circular and 
20 >< 4.1 X 0.5 for the rectangular  cells. In some exper i -  
ments 10 or 15 cm long susceptors were used. The sus- 
ceptors were provided with silica ramps on both sides 
in order to keep the gas flow as smooth as possible. 
No tilt was given to the susceptor. The susceptor was 
heated by means of a 4.5 kW rf  generator  which could 
give a max imum tempera ture  of 1600 K in N2 or Ar  
and about 150 ~ lower in H2 and He. The tempera ture  
was measured by a cal ibrated optical pyrometer .  Be-  
cause the flow pat tern and tempera ture  distr ibut ion is 
mainly  determined by the carr ier  gases, pure carr ier  
gases Hf, He, Ne, and Ar were  used in the experiments .  
The input  velocities were  measured wi th  cal ibrated 
flow meters. 

The whole equipment  was placed on an optical table 
provided with air cushions. Care was taken that  the r f  
coil did not touch the reactor  cell. All  the optical com- 
ponents and the table itself were covered with  a lu-  
minum foil in order to avoid heat ing up, and thus 
expansion, of the equipment.  No solution was found 
for the presence of some convection of air in the 
optical path at both ends of the cell due to warming  
up of the air  by the radiation. This effect was espe-  
cially present  with air-cooled cells and long operat ion 
times. It caused some slight t rembl ing  of the in te r fe r -  
ence pattern,  but it did not rea l ly  affect the observa-  
tions. An opaque glass window was placed between the 
cell and holographic plate. This plate collected all  the 
light of the sample beam and acted as a scattering 
center. It  also served as a fixed focusing point  for  the 
camera when photographs or films were made for 
documentation.  For double exposures a laser  line filter 
was used behind the cell in order to block the infrared 
radiation of the susceptor during the exposure of the 
hologram. Exposure times s t rongly depended on the 
power of the laser, on the sensit ivi ty of the photo-  
graphic plates and on the l ight  loss by the optical com- 
ponents. Good holograms were  obtained with exposure 
times of 1/15-1/100 sec using A G F A  10E75 plates and 
an He /Ne  laser  of 15 mW (~. _-- 6328A). Photographs  
of the real  t ime observations were  made with shut ter  
times between 1/25 and 1/1000 sec. 

Results 
Hz and He in a cylindrical air-cooled cell.--Typical 

results obtained with  H2 in an air-cooled circular  re -  
actor cell  at two velocities are given in Fig. 4 and 5. A 
number  of ra ther  paral le l  fr inges near  the susceptor 
and several  curved fringes higher up can be observed 
(Fig. 4). The dark rec tangular  area at the bo t tom of 
the tube is the cross section of the susceptor. This 
fringe pat tern  is very  stable and no changes in t ime 
are observed by looking with  real  t ime holography. 
At high flow velocities (i.e., input  velocities) closed 
concentric fringes appear, but  the stabil i ty of the 
fr inge pa t te rn  is not affected (Fig. 5). An analogous 
behavior  was observed at higher  temperatures .  The 
circular fringes also became more dominant  when  
shorter  susceptor lengths were  used. Near ly  identical  
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Fig. 4. Ha(He), low flow velocity v ~ 10 cm/sec. Air-cooled 
cylindrical cell, Tsusc. ~ 1350 K, susceptor length ---- 20 cm. 
Note that the fringes end on the quartz wall of the reactor cell, 
which means that the wall is heated up by radiation of the sus- 
ceptar. 

phenomena  are observed for he l ium as a carrier gas. 
Just  as with H2, he l ium also gave very stable fr inge 
pat terns at all flow velocities and temperatures,  prov-  
ing that also with He laminar  flows are present. Also 
in this case closed concentric fringes appear at very 
high flow rates. Since the tempera ture  dependence of 
the refractive index of He is smaller  than for H2, the 
number  of fringes which can be observed with He is 
about four times smaller  than for H2. This makes He 
less at tractive for accurate studies of the tempera ture  
distr ibution.  

H2 and He in a water-cooled cylindrica~ ceff.--With 
a cylindrical  water-cooled cell a fr inge pa t te rn  as 
given in  Fig. 6 is obtained. Also at higher flows hardly  
any  changes in the fringe pat tern  can be observed. 
Even for flows up to 90 cm/sec, no concentric r ings are 
formed; only  a slight t rembl ing  of the fringes at the 
top is indicative of some disturbance.  However, the 
bending  of the fringes into the susceptor shows that  
for this kind of cell a strong tempera ture  gradient  is 
present  across the surface of the susceptor. 

N~ and A r  in an air-cooled cylindrical reactor c e l l . -  
With N2 and Ar, completely different fringe pat terns 
are obtained. Figures 7-9 are typical for three si tua-  
tions which can be observed in an air-cooled cell. The 
pa t te rn  of Fig. 7 is obtained at very low flow velocities 
(~4  cm/sec) .  The pa t te rn  in itself is stable but  shows 
three convective instabi l i ty  zones: two on both sides 
of the susceptor, one in the middle of the gas stream. 
By raising the flow beyond 4 cm/sec, the flow splits up 

Fig. 6. H2(He), all flow velocities v ~--- 90 cm/sec (example 9.5 
cm/sec.) Water-cooled cylindrical cell, Tsusc. m 1100 K, susceptor 
length m 20 cm. 

into a stable part  with near ly  paral lel  fr inges nea r  the 
susceptor and a thickness of about 8 mm and again a 
convective unstable  part  above it (Fig. 8). The ins ta-  
bi l i ty main ly  manifests itself by a movement  of the 
closed rings from one side to the other at the same 
level. In  addition, every few seconds a buoyant  move-  
ment  out of the stable laminar  part  was observed. At 
higher flows, i.e., >10 cm/sec, the unstable  upper  par t  
of the stream becomes more tu rbu len t  of character 
(Fig. 9). This turbulence causes local pressure differ- 
ences on the top of the stable laminar  layer. The result  
is that the thickness of the stable par t  locally varies 

Fig. 7. N2(Ar), low flow velocities v ~ 4 cm/sec (example 3 
cm/sec). Air-cooled cylindrical cell, Tsusc. ~ 1300 K, susceptor 
length ~ 20 cm. 

Fig. 5. H2(He), high flow velocity v ~ 70 cm/sec. Air-cooled 
cylindrical cell, Tsuse. ~ 1350 K, susceptor length ---- 20 cm. 

Fig. 8. N2(Ar), medium flow velocities 4 "~ v ~ 10 cm/sec 
(example 8 cm/sec). Air-cooled cylindrical cell, Tsusc. ~- 1350 K, 
susceptor length ~ 20 cm. 
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Fig. 9. N2 (Ar), high flow velocities v ~ 10 cm/sec (example 
18 cm/sec). Air-cooled cylindrical cell, Tsusc. ~ 1350 K, susceptor 
length ~ 20 cm. 

within  30% within  every few tenths of a second. Ar 
and N2 behave near ly  identically and because, roughly 
speaking, the number  of fringes is almost equal (theo- 
retically N2 gives about 5% more fringes),  the flow 
pat terns look very much alike too. 

N~ and A r  in a water-cooled cylindrical ce l l . - -S imi-  
lar pat terns were obtained as with an air-cooled cell, 
but  in this case only at very low flow velocities (<3 
cm/sec) was the pat tern  stable. Above 10 cm/sec the 
pat tern became very turbulent ,  although a more or 
less laminar  part  could still be discerned near  the 
susceptor (Fig. 10 and 11). Most remarkable  is that, 
unl ike the cases with H2 and He in a water-cooled cell, 
the fringes do not bend into the susceptor. Even at 

high velocities when the system is turbulent ,  a l aminar  
layer with fringes paral lel  to the susceptor can be dis- 
tinguished. 

H2, He, N2, and A r  in an air-cooled rectangular cell. 
- - I n  air-cooled rectangular  reactor cells the same gen- 
eral flow phenomena are observed as with cells with a 
circular cross section, i.e., stable flows for H2 and He 
with some influence on the fringe pa t te rn  at higher 
flow rates (Fig. 12). Also N~ and Ar give similar pat-  
terns as obtained with these gases in the air-cooled 
cylindrical  cell. The sequence of photographs of Fig. 
13 and 14 clearly shows how the flow pat te rn  gradual ly  
changes due to an increase of the flow velocity from 
1.5 to 15 cm/sec. At low flow velocities (1.5 cm/sec) 
buoyancy forces are stronger than  the ~orces coupled 
with the forward motion; at 4 cm/sec the laminar  
Iayer close to the susceptor splits off, beyond 8 cm/sec 
two (sometimes three) roll ing centers become active. 
These centers mark the onset of tu rbu len t  instabil i ty.  
At 15 cm/sec and above the system is ent i rely domi- 
nated by vehement  turbulence although the laminar  
layer can still be discerned. Note the pressure effects 

Fig. 12. H2 (He), air-cooled rectangular cell v ~ 20 cm/sec. 
Tsusc. ~ 1300 K, susc. length ~ 20 cm. 

Fig. 10. N~_, water-cooled cylindrical cell, v ~ 1.5 cm/sec. 
Ts ~ 1200 K, Ls ~- 20 cm. Note the severe diffraction of the 
light due to the large density gradients. 

Pig. | | .  N2, water-cooled cylindrical cell v ~ 15 cm/sec. Ts 
1200 K, Ls --~ 20 cm. 

Fig. 13. N2 (Ar), air-cooled rectangular cell, Tsusc. ~ 1350 K, 
length ~ 20 cm. (a, top) v ~ 1.5 cm/sec; (b, bottom) v ~ 4 
cm/sec. 
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Fig. 14. N2 air-cooled rectangular cell, Ts ---- 1350 K, Ls = 20 
cm. (a, top) v = 8 cm/sec; (b, bottom) v ---- 15 cm/sec. 

of the t u rbu l en t  centers on the l amina r  layer unde r -  
neath.  

H2, He, N2, and Ar  in a top-cooled rectangular cell. 
- - F o r  the rectangular  cell that  is cooled on the top-side 
by a water  jacket, the stabil i ty in fr inge pa t te rn  with 
H2 and He again is comparable with water-cooled 
circular  cells. The absence of the cooling of the side 
walls now gives a ra ther  ideal fr inge pat tern,  i.e., all 
the fringes run  almost paral lel  to the susceptor surface 
and the total n u m b e r  of fringes is equal  to the theo- 
retical n u m b e r  based on the two well-defined tem-  
peratures,  i.e., the temperature  of the susceptor and 
300 K of the water-cooled top (Fig. 15). The fringe pat-  
tern obtained at low flow velocities with N=~ and Ar for 
this top-cooled cell does not differ much from that 
observed for the air-cooled cell. However at higher 
flows, when the " laminar"  par t  has split off, the fringe 
pa t te rn  which up to now had an "upwards" bel l - l ike  
shape in the middle, suddenly  flips to the inver ted 

si tuat ion (Fig. 16). Increasing the flow rate again has 
the same effect as with the other cells: convection and 
much turbulence  in the upper  part, dynamic stabil i ty 
and more or less horizontal  paral lel  lines in the lower 
par t  with rapidly  changing variat ions in local thick- 
ness due to the pressure effects of the convective and 
tu rbu len t  rolls (Fig. 17). 

Discussion 
The exper imental  data should allow us to give an 

answer to the following basic questions: 
1. Is the flow profile l amina r  or tu rbulen t?  
2. Can one distinguish a boundary  layer? 
3. What is the influence of cell design? 
4. What is the temperature  dis tr ibut ion? 

Apart  from an answer to question 4, which is given in 
a following paper, these questions will be discussed 
in this order. 

Most s t r iking of course is the difference in stabil i ty 
between the gases H2 and He on the one hand  and N~ 
and Ar on the other. This instabi l i ty  may be due to 
three ma in  factors which are: (i) instabi l i ty  due to 
turbulence,  (ii) ins tabi l i ty  due to convection, and (iii) 
instabi l i ty  due to entrance effects. In the next  three 
paragraphs the contr ibut ion of these three effects will  
be discussed separately. 

Turbulence. - -The flow through a channel,  which is 
at a constant temperature  everywhere,  is characterized 
by its Reynolds number  Re ---- vhp/~l in which v[m/sec]  
is the mean  flow rate, h the height of the channel  [m], 
p the density of the gas [kg/m3], and ~ its dynamic 
viscosity [kg/msec].  The values for ~ (T) and p (T) 
are plotted in Fig. 18 and 191 (9-11). For  low Reynolds 
numbers  the flow is laminar ,  for flows beyond a crit i-  
cal Reynolds number  the flow is turbulent .  The crit i-  
cal number  for flow in a tube is 2300 (12). In  Table 

z p follows from the ideal gas law p = M/V with MH 2 = 2.016g, 
M~e = 4.0026g, M~ = 28.0134g, M_~r = 39.948g, and at 0~ VH~ = 
22.4321~ V~o = 22.4031, VAt = 22.3901, VHe = 22.3961. 

Fig. 16. N2 (Ar), top-cooled rectangular cell, v = 10 cm/sec. 
Tsuse. -" 1530 K, susc. length = 20 cm. 

Fig. 15. H2 (He) top-cooled rectangular cell, all flow velocities 
90 cm/sec. Tsu~c. = 1130K, susc, length ---- 20 cm (example 

v ~ 64 cm/sec). (The side walls of the cell are hounded by an 
optical diaphragm.) Fig. 17. N2 (Ar), top-cooled rectangular cell v ~ 10 cm/sec 
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function of temperature. 
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Fig. I9. Densities of H2, He, N2, and Ar us a function of tem- 
perature. 

I the Reynolds numbers  for the four gases H2, He, N2, 
and Ar  are calculated for two flow rates, viz. 40 and 
120 cm/sec  and for 300, 1000, and 1400 K. A free height  
of 2.5 cm is taken as the value for h. One should notice 
that  because of the tempera ture  dependence of p and 
~, the flows stabilize at higher  temperatures .  From 
their  t empera ture  dependence it follows that  the_ 
Reynolds number  varies wi th  T -1.7. 

Inspection of Table I shows that  no turbulence is to 
be expected for all gases, with the exception of N2 and 
Ar  at h igher  flow rates (>120 cm/sec)  and room tem-  
perature,  where  the onset of turbulence is approached. 
Such a situation can develop in a reactor  where  the 
incoming gas undergoes an ext ra  acceleration due to 
expansion of the gas at the hot susceptor. The situa- 
tion is complicated by the fact that  the hottest  parts 
of the gas also have the highest  viscosity and con- 

Table I. Reynolds numbers for H2, He, N2, and Ar; h - -  2.5 cm 

40 cm/sec 120cm/sec 

300 K I000 K 1400 K 300 K 1000 K 1400 K 

H~ 91 12 7 274 27 21 
He 82 11 6 245 33 19 
Ns 639 85 50 1917 256 149 
A r  715 92 54 2146 277 161 

March 1982 

sequent ly  move slower. Because part  of the gas ex-  
pands and moves slower the colder parts  of the gas 
s t ream have to move much faster  in order  to main-  
tain the mean room tempera ture  input velocity. In 
principle this effect is responsible for part  of the 
phenomena observed with  N2 and Ar, as wil l  be d i s -  
c u s s e d  at the end of the section "Entrance  effects." 

Convection.--In the absence of a forced flow in the 
long direction of the cell (v _-- 0), a ver t ical  flow 
can still  be present  due to buoyancy forces. These 
can become active when in the z-direct ion of the cell 
a negat ive tempera ture  gradient  is present.  This is 
called convection. In the reactor cell where  the top 
is cooled with wa te r  (300 K) ,  or air (800 K) and the 
bottom is heated to 1400 K, such an inver ted  t em-  
pera ture  field exists (Fig. 20). Convection will  occur 
when the Rayleigh number  2 exceeds the value 1707 
(13, 14). The Rayleigh number  is given by 

agcpp2h3AT 
Ra = 

where  ~ ---- coefficient of thermal  expansion -- ( I / T ) ,  
g = gravi ta t ional  accelerat ion (9.81 msec-2) ,  p _- 
density [kg m-a ] ,  h = free height  above susceptor 
[ m ] ,  A T  = T b o t t o m  - -  T t o p ,  1 |  : dynamic viscosity 
[kgm -1 sec-1],  K = thermal  conduct ivi ty  [ Jm -1 sec -1 
K-Z],  and cp -- specific heat  [J kg -z K - l ] .  

Values for c,  and ~ are collected in Fig. 21 and 22 
and Table II. They were  taken from Ref. (16)-(19) .  
Using these values, the Rayleigh numbers  for the four 
gases are calculated for three susceptor temperatures ,  
viz. 500, 1000, and 1400 K and a constant value for the 
tempera ture  at the top of the cell (300 K).  The free 
height  h is again taken as 2.5 cm. The values are col- 
lected in Table III. F rom this table it is evident  that  
the flows of Ne and Ar  are h ighly  unstable and in 
fact wil l  be dominated by convection; H2 and He on 
the other  hand, especially at high temperatures ,  are 
resistant  to convective motions. Note that  the Rayleigh 
number  varies with T4, 4 (~ cc T - l ,  ~ oc T0.T, ~ cc T0.T, 
p o~ T-Z, c,  ~_ constant) ,  so that  also in this case 
stabilization occurs at higher  temperatures .  The con- 
clusion is that  there will  be no convection for H2 and 
He but that flows of Ar  and N2 wil l  be highly con- 
vect ive in epi taxial  reactor  cells, as observed in the 
experiments .  

Entrance effects.--Up to now it was assumed that  
the flow and tempera tu re  profiles were  fu l ly  developed 
f rom the onset of the susceptor. However  the flows 

In heat transfer theory, instead of the Rayleigh number, often 
the Grashof number G is used (15). The relation between these 
numbers is given by G = Ra/P where P is the Prandtl number 

cp/K, which number for gases is about 0.7 and almost independ- 
ent of temperature over the temperature range 300-1500 K. 

Fig. 20. Cross section of water-cooled cylindrical reactor cell. 
Convective instability due to inverted temperature situation. 
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Table II. 

Cp (H z] / cpiN z) 
[ j kg-] K-t] / / [  fkg-i K-i 

H2 

15000 F / /H2 -11200 

300 K 500 K 

H~ 14315.5 81.80 8.96 180 14524 49.08 12.6 259 
He  5196.6 162.6 19.87 149.9 5196.6 97.4 28.06 213 
N~ 1040,2 1138 17.91 25.98 10,56.6 682.8 25.59 88.4 
A r  520.7 1623.6 22.7 17.7 520.7 974 33.2 26.6 

104)0 K 1400 K 

e, 10~j) 10e~? 10sK cp 10~p 10~ 10~K 

H~ 14990 24.53 20.13 432 15784 17.53 25.0 560 
H e  5196.6 48.7 44.6 360 5196.6 34.8 55.0 460 
N~ 1168.0 341.4 40.0 62.6 1233.3 243.8 49.0 78.5 
A r  520.7 437 52.8 42.9 520.7 347.9 65.0 52.6 

cp in [Jkg-X K-~], ~ in [kg  m-~], ~ in [kg m o~ sec-Z], K in [Jm -z 
see-Z K-~I. 

Table II1. Kayleigh numbers for H2, He, N2, and Ar; b : 2.5 cm 

500 K 1000 K 1400 K 

For at[ T: 
cplHe} = 5196,6 J/kgg 
cplAr) = 520,7 J/kgK 

I-~ 657 111 42 
He  506 82 30 
Ng 30736 5833 2295 
Ar  34295 5850 2220 

Table IV. Entrance lengths in cm for the development of the flow 
profiles of H2, He, N2, and Ar using h - -  2.5 cm. Thermal entrance 

regions are 7 X longer 

500 1000 1500 T(K] 
Fig. 21. Specific heat values of H2, He, H2, and Ar as a function 

of temperature. 

need some macroscopic distance to develop their  pro-  
files (Fig. 23). According to Schlicht ing (20), flow in 
a channel  wi th  height  h is ful ly  developed beyond 

h2vp 
x = 0.04 : 0.04h Re 

This entrance length (in cm) is calculated for two 
velocities, viz. 10 and 40 cm/sec  and for 300, 1000, 
and 1400 K (Table IV).  

It is clear  that  for H2 and He, especial ly at low 
flow rates, reasonably  wel l -deve loped  flows are pres-  
ent  over  a good part  of the susceptor. Howeve r  for 
N2 and Ar  over  a good deal or even over  the complete  
length of the susceptor, the flow is undeveloped and 
will  possess the propert ies  of the gas that  enters the 

102 
10 2 K: 
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Fig. 22. Log-log plot of the thermal conductivity of H2, He, N2, 
and Ar as a function of temperature. 

300 K 100O K 1400 K 

10 cm/ 40cm/ 10 cm/ 40 cm/ 10 cm/ 40 cm/ 
sec  sec  sec  sec  sec sec 

H~ 2.3 9.1 0.3 1.2 6.2 0.7 
He 2.1 8.2 0.3 1.1 0.2 0.6 
N~ 16.0 63.9 2.1 8.5 1.3 5.0 
Ar 17.9 71.5 2.3 9.2 1.4 5.4 

cell, especially in the colder bulk par t  of the gas 
stream. 

Besides the flow which has to develop,  the t empera -  
ture profile also has to achieve its proper  profile (Fig. 
24). For  this development  Hwang  and Cheng (21) 
deduced a necessary length  of 

x -- 0.28 h2vp = 0.28h Re 

i.e., the thermal  entrance length is 7 times longer than 
the entrance length for the flow. This means thht also 
for H2 and He above v = 10 cm/sec  no we l l -deve loped  
tempera ture  profiles can be expected in the low t em-  
pera ture  parts of the gas stream. Such high values 
for the theoret ical  entrance length are surprising, but  
Kamotani  and Ostrach (22) exper imenta l ly  confirmed 
the theoret ical ly  deduced entrance length  of I-Iwang 
and Cheng. In addition, in a for thcoming paper  it  wil l  
be shown that  the tempera ture  profile measurements  in 

~ X  
Fig. 23. Development of flow profiles in a channel. Beyond x "- 

0.04h Re the flow is fully developed. 
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300 T-3OOK 

1500 T: 1500 K 
- - - - ~  X 

Fig. 24. Development of the temperature profile in a channel. 
The temperature profile is fully developed beyond x = 0.28h Re, 
i.e., the thermal entrance length is 7 X  the entrance length for the 
flow. 

the reactor cells for H2, obtained by our interference 
holography experiments are in agreement  with these 
ideas. A l inear temperature  profile is obtained for H2 
at 9.5 cm/sec, which profile becomes more and more 
curved at higher flow rates, indicating the increasing 
effect of the thermal  entrance length. 

After having considered the possibilities of tu r -  
bulence, convection, and entrance effects, it becomes 
clear that Hu and He indeed are expected to give a 
stable and laminar  flow at all velocities, but  that  
there is a possibility that  their temperature  profiles 
for v > 10 cm/sec are not  ful ly developed. For N2 
and Ar no intr insic turbulence  is to be expected either, 
at least not at velocities lower than  120 cm/sec but  
there is (i) a very strong entrance effect (i.e., when 
the incoming gas is tu rbu len t  it will  keep its t u rbu-  
lence along a good deal of the susceptor),  a n d  (ii) a 
convective instabili ty.  The result  is that at flow veloc- 
ities above 4 cm/sec the entrance effect will  be high 
(strong turbulence  due to the incoming gas) whereas 
at flows < 4 cm/sec the pa t te rn  will be dominated by 
convection. This indeed is observed by interference 
holography. However, the breaking up of the flow of 
N2 or Ar into two parts is not immediately obvious 
from theory. It  looks as if the flow creates its own fa- 
vorable situation. Apparent ly  a thin (8 mm) laminar  
layer together with the tu rbu len t  part  above it, is more 
attractive energetically than a complete tu rbu len t  sys- 
tem. The stabil i ty of the thin laminar  layer  can be 
understood in  the following way. From Table IV it 
follows that at high temperatures  the flow and tem- 
perature  profiles are about 10 times sooner developed 
than at lower temperatures,  so the entrance effects are 
small  for this layer. In  these hotter parts of the gas 
stream no turbulence will be present  either (Table I),  
whereas no convection can be expected in such a thin 
layer  of 8 ram, because the Rayleigh values in Table III 
will  be reduced by about a factor 30 due to the hS 
dependency. This accounts for the stabil i ty of the 
laminar  layer jus t  above the susceptor. For  the bulk  
s t ream of the gas these arguments  do not  hold and 
its character remains  turbulent .  

It  was at tempted to observe the flow pat tern  lateral  
of the cell to get an impression as to whether  the 
laminar  par t  was equal in  thickness from the begin-  
ning to the end of the susceptor. These experiments  
failed, however, because of the small n u m b e r  of 
fringes and the severe dis turbance of the holographic 
pictures by air  convection outside the optical side 
windows. 

An answer to the second question, i.e., the exist- 
ence of a boundary  layer for the flow is more difficult 
to give. For H2 and He, where the flow readily achieves 
its parabolic profile within a few centimeters of the 
leading edge of the susceptor, no strict boundary  layer 
is present in the sense of deviations of the normal  
profile. Because in the reactor cell the final velocity 
profile is almost a parabola (in fact it is an asymmet-  
ric parabola with its max imum shifted to the low 

temperature  side), one can speak of an effective 
boundary  layer thickness for the flow of �89 in this 
case, assuming that in a rec tangular  cell the lines 
of ma x i mum throughput,  i.e., the ma in  mass flux, 
will p redominant ly  coincide with the lines of maxi-  
m u m  velocity. (For a cylindrical  cell this need not 
be true, because for the calculation of the main  mass 
flux the velocity must  be mult ipl ied by its r -dependent  
surface area.) When the tempera ture  profile has com- 
pletely developed wi th in  the first centimeters of the 
susceptor, no thermal  boundary  layer  is present  either. 
This is the case for H2 and He at v < 10 cm/sec; above 
this value undeveloped temperature  profiles are pres- 
ent in H2 and He, and a thermal  boundary  layer can 
be discerned. 

For Nz and Ar  a boundary  layer  will  always be 
present. For  flow rates above 4 cm/sec the flow and 
temperature  boundary  layers are equivalent ,  in this 
case being equal  to the thickness of the split off layer. 
It  must  be noted that, especially at higher flow rates, 
locally the boundary  layer is dis turbed for these 
gases, only the mean thickness is constant. It  also is 
not  certain that the thickness of the l aminar  layer 
is constant  from the beginning  to the end of the sus- 
ceptor. 

Boundary  layer thicknesses are impor tan t  when 
epitaxial  layers are grown in  the diffusion-limited 
regime. Here the growth rate is proport ional  to D/5, 
where D is the diffusion coefficient of the component  
in the carrier gas and 5 is the thickness of the con- 
centrat ion boundary  layer. When it is assumed that  
the concentrat ion and the flow boundary  layers coin- 
cide then it follows from this s tudy that  for rec tangu-  
lar cells in H2 and He 8 ---~ 1/2h, whereas for Ar  and 
N2 5 ~ 0.8 cm. This observed difference in  the values 
of ~ in combinat ion with the known (23) differences 
in the diffusion coefficients of the chemically active 
components in the four carrier gases, offers the op- 
por tuni ty  to test calculated values of D/5. This can 
best be verified for the growth of silicon in He and Ar 
because these carr ier  gases are not involved in the 
chemistry of the deposition process, as is H2 and for 
some reactions also N2. A prerequisi te to such an ex- 
per iment  is, of course, that for He the flow and tem- 
perature  profiles must  be fu l ly  developed. 

Sparrow and co-workers (24) have suggested the 
use of the Gr/Re~ (Gr ~ Grashof numbe r )  ratio for 
characterization of the flow. Forced flow is dominant  
for Gr/Re2 < 0.3, mixed flow between 0.3 and 16, and 
above 16 free convection dominates. No such cor- 
relat ion was observed in our experiments.  All  cal- 
culated values of Gr /Re  2 are equal for all gases at a 
given temperature.  For  instance, no characteristic dif- 
ference is noticed be tween the values for Ha and N2, 
whereas hydrogen gives a stable laminar ,  bu t  ni t rogen 
a highly unstable  and convective flow. So it appears 
that the ratio Gr/Re2 is not  a good measure for the 
characterization of the flow. Berkman,  Ban, and Gold- 
smith (25) have given an analysis of the gas flow dy-  
namies in a horizontal  reactor based on the observa- 
tions of Ban (3, 4). This analysis basically accepts the 
boundary  layer model as treated in various books on 
hydrodynamics.  The present  exper imental  data make 
it clear that especially for H2 and He in well-developed 
profiles, no boundary  layer  is present  in the sense ac- 
cepted by Berkman,  Ban, and Goldsmith. For  N2 and 
Ar, and only in a very nar row velocity range, is a split 
off boundary  layer observed. However the width of 
this layer  mathemat ical ly  is not  governed by  the 
boundary  layer theories as used by these authors. 

The influence of cell design (to give an answer to 
the third question) on the flow and temperature  pro-  
files is demonstrated by the differences between air-  
cooled and water-cooled cells (Fig. 4, 5, and 6). Three 
characteristic differences come about: (i) At the same 
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high flow veloci ty  a cold gas finger is only present  in 
the a i r -cooled  cells; (ii) the t empera tu re  of the quar tz  
wal l  for  the a i r -cooled  cell  is be tween  600 and 900 K 
(par t  I I ) ;  (iii) water -coo l ing  of the  side wal ls  gives 
a serious t empera tu re  grad ien t  across the susceptor  for 
H2 and He. The cold gas finger points  to a much 
h igher  flow veloci ty  in this pa r t  of the a i r -cooled  cell  
than  in  the corresponding region of the wa te r -coo led  
cell. The reason is an ex t ra  volume expans ion  of 2 or 
3 t imes at  the hot  wal ls  of the a i r -cooled  cell  toge ther  
with a cor responding h igher  viscosi ty of the  gas at  
these walls.  The effect of the l a t t e r  is that  the gas has 
a lower  than norma l  veloci ty  at  the wal l  and because 
the  mean veloci ty  of the gas is fixed, as de te rmined  
by  the inpu t  flow; the core veloci ty  must  go up to 
main ta in  the same mean  velocity.  The consequence 
of this  is a more  severe  ent rance  effect which  shows 
up as a cold finger. The difference be tween  I-I2 (He) 
and Ar  (N2) r ega rd ing  the t empera tu re  grad ien t  
across the susceptor  for wa te r -coo led  cells (Fig. 6 and 
10) is recognized as being due to the much h igher  
the rmal  conduct ivi t ies  of H2 and He as compered  to 
A r  and N2. With  N2 (A t )  the hea t  cannot  be diss ipated 
fast  enough by  conduction and the profile across the  
susceptor remains  flat. 

Reactor Cel l  Recommendat ions 
From the expe r imen ta l  da ta  and the analysis  given 

above i t  is possible to formula te  the requ i rements  for  
an opt imized reac tor  cell, viz. (i) no t empera tu re  
g rad ien t  across the susceptor,  (ii) stable l a mina r  
flows, and (iii) wel l -deve loped  t empe ra tu r e  and flow 
profiles. These requ i rements  can be met  b y  tak ing  a 
r ec tangu la r  cell wi th  wa te r  cooling at  its top only. 
The cell  should  have a smal l  free height ,  of about  1 
cm for instance, to guarentee  we l l -deve loped  flow and 
t empera tu re  profiles. I t  should also be provided  wi th  
a long ent rance  piece at  equal  level  to the  susceptor  
and if possible  provided  with  p rehea te r s  (Fig. 25). 

Fo r  g rowth  si tuat ions it is r ecommended  that  the 
silicon wafers  be kep t  some dis tance away  from the 
sidewalls .  The reason is tha t  these s idewal ls  wi l l  have 
some effect on the  no rma l  flow profile, whi le  the t em-  
pe ra tu re  wil l  also be s l ight ly  affected. A dis tance equal  
to the free height  p robab ly  wil l  be sufficient. For  ve ry  
accurate  ep i tax ia l  deposi t ion i t  appears  des i rable  to 
work  in a s table  we l l -deve loped  l amina r  flow. This 
implies  that  only  H2 and He are  useful  as car r ie r  
gases. The i r  flow profile is known, and provided  the 
gas is preheated ,  also the  t empera tu re  profile is fixed. 
This s i tuat ion lends i tself  for a comparison be tween  
expe r imen t  and  theory  on crys ta l  g rowth  f rom the 
vapor  phase.  

More uncer ta in t ies  are  present  when  N2 or Ar  is 
used, especia l ly  because of the unknown var ia t ion  of 
the bounda ry  layer  thickness  in the length  direct ion 
of the  susceptor.  However  the combinat ion  of a 
l amina r  spli t  off l ayer  wi th  a tu rbu len t  l aye r  above 
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Fig. 25. Ideal reactor ceil: top-cooled rectangular ceil with small 
free height ~ 1 cm, long entrance piece at equal height as the 
susceptor. When this entrance piece is made of carbon it can also 
act as a preheater. The heater after the susceptor reduces tem- 
perature gradients along the suseeptor. Dead volumes are kept as 
small as possible. 

it  may  be of advan tage  for  those crys ta l  g rowth  p ro -  
cesses where  the gas phase becomes qu ick ly  depleted.  
In  these cases the tu rbu len t  pa r t  may  (by  its low 
tempera ture ,  high velocity,  and wel l  mix ing)  p ro -  
vide a phase wi th  a homogeneous concentra t ion of 
const i tuents  al l  over  the length  of the spli t  off layer .  
The MOCVD of GaAs m a y  be a good example  of such 
a system. 

Conclusion 
The method of in te r fe rence  ho lography  has given 

va luable  in format ion  on the flow pa t te rns  of the  four 
car r ie r  gases H2, N2, He, and At .  The main  effect 
which one should be aware  of in reactor  cells is the  
ent rance  effect. Especia l ly  for N2 and Ar, this effect 
is responsible  for unstable  flow pat terns ,  i.e., a s table  
l amina r  par t  near  the susceptor  and  a t u rbu len t  pa r t  
above it. 

H2 and He are  a lways  stable,  but  the t empera tu re  
profile is not comple te ly  developed at  high flow rates.  

In genera l  all  effects can be reduced  cons iderably  
by  a proper  design of the reactor ,  i.e., long inlet  
lengths, combined with  a low free he ight  above the 
susceptor  and top cooling only. 
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The Enhanced Diffusion of Arsenic and Phosphorus in Silicon by 
Thermal Oxidation 
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ABSTRACT 

It was investigated and found that the enhanced diffusion of arsenic and phosphorus in silicon by thermal oxida- 
tion is dependent on the crystal orientation of a substrate, diffusion temperature, and time. Impurities are prediffused 
into a silicon substrate from impurity-silica film, and then subjected to a drive-in diffusion in oxidizing (dry 02) and 
inert (dry N~) atmosphere. Diffusion coefficients are determined by adopting best fitted parameters in the numerical 
simulation of the experiments. The diffusion coefficients of arsenic and phosphorus are enhanced by thermal oxida- 
tion of silicon. This enhancement  measured in (100) silicon is greater than that in (111) silicon. The diffusion 
coefficients obtained in oxidizing atmosphere can be expressed as a function of diffusion temperature and time. From 
the form of this equation, it is considered that arsenic and phosphorus diffuse by the dual mechanism (vacancy and 
interstitialcy mechanism). The enhancement  increases in order of arsenic, phosphorus, and boron. 

Oxidat ion-enhanced diffusion of group III  and group 
V elements in silicon has been studied extensively for 
the fundamenta l  unders tanding  of device fabrication 
(1-10). Antoniadis  et al. (5) reported that the en-  
hancement  in boron diffusion in oxidizing atmosphere 
depended on the crystal or ientat ion of silicon sub- 
strate as well as diffusion temperature.  They also re-  
ported the oxidat ion-enhanced diffusion of arsenic a n d  
phosphorus in silicon (6), in which they did not refer  
to a relat ion between the crystal or ientat ion and the 
enhanced diffusion. Moreover, they suggested that  the 
diffusion coefficients of these three impurit ies in silicon 
depended on diffusion time in oxidizing atmosphere 
(5, 6). However, they proposed no definite data about 
it. 

When an impur i ty  of high concentrat ion is diffused 
into a substrate in  oxidizing atmosphere, the two 
different causes of the anomalous behavior  in diffu- 
sion, which are due to the enhanced diffusion by oxida- 
tion and the high concentrat ion effects of the impur i ty  
on the diffusion profiles, will  be present s imul taneously  
and they will  make analysis of the exper imental  re-  
sults difficult. The separation of these two causes has 
not been considered fully in most reports on the oxida- 
t ion-enhanced diffusion. 

In this paper, with the in tent ion of separat ing- the  
two causes of the anomalous diffusion, arsenic and 
phosphorus are diffused into (100) and (111) silicon 
substrates under  different temperatures  and times in 
both oxidizing and iner t  atmosphere under  intrinsic 
diffusion conditions. Here we define the intrinsic diffu- 
sion conditions as follows, that is, the concentrat ion of 
diffused impur i ty  in silicon is lower than the intr insic 
carrier concentrat ion at the process temperature,  and 
also define the intr insic diffusion coefficient as the dif- 
fusion coefficient obtained under  the intrinsic diffusion 

Key words: oxidation, diffusion, enhancement, semiconductor. 

conditions. It is made clear by the determinat ion of 
the diffusion coefficients of the impurit ies by the nu-  
merical s imulat ion that  the enhanced diffusion by 
oxidation is dependent  on the crystal or ientat ion of 
the silicon substrate, diffusion temperature,  and dif- 
fusion time. Moreover, the oxidat ion-enhanced diffu- 
sion of boron is investigated in order to compare the 
enhancement  in boron diffusion with that in the diffu- 
sion of arsenic and phosphorus. The diffusion mecha- 
nism of these three impuri t ies  in oxidizing atmosphere 
is discussed on the basis of the exper imental  results. 

Experimental 
The substrates used were Czochralski-grown, p- type 

and n- type  dislocation-free, (100) and (111) oriented 
silicon wafers of resist ivity 1-6 12-cm. Arsenic or phos- 
phorus-sil ica film was attached onto the substrates, 
using a spinner.  The thickness of the film was about  
1500A. These substrates were baked at 200~ for 20 
rain in dry N2. Then the impur i ty  contained in the film 
was prediffused into the silicon substrate at 1050~ 
for 20-180 min. After the film was removed from the 
surface of the substrate by dilute HF solution, the 
substrate was subjected to a dr ive- in  diffusion at 950 ~ 
1150~ in both dry 02 and dry N2. Dr ive- in  diffusions 
were carried out for the different diffusion times at a 
certain diffusion temperature.  For dr ive- in  diffusions 
in dry N2, the silicon surfaces were covered with a 
nondoped silicon dioxide film to avoid out-diffusion of 
the impurity.  Boron diffusion was also carried out 
under  the condition of several kinds of the combina-  
t ion of diffusion temperature  and time through the 
same process as for arsenic and phosphorus. 

Impur i ty  concentrat ions in the substrates were de- 
termined after the prediffusion and the dr ive- in  diffu- 
sion. The sheet resistivities were measured by a four-  
point  probe method. The successive removal of a thin 




